Abstract-The analysis of many fusion applications such as liquid-metal blankets requires application of computational fluid dynamics (CFD) methods for electrically conductive liquids in geometrically complex regions and in the presence of a strong magnetic field. A current state of the art general purpose CFD code allows modeling of the flow in complex geometric regions, with simultaneous conjugated heat transfer analysis in liquid and surrounding solid parts. Together with a magnetohydrodynamics (MHD) capability, the general purpose CFD code will be a valuable tool for the design and optimization of fusion devices. This paper describes an introduction of MHD capability into the general purpose CFD code CFX, part of the ANSYS Workbench. The code was adapted for MHD problems using a magnetic induction approach. CFX allows introduction of userdefined variables using transport or Poisson equations. For MHD adaptation of the code three additional transport equations were introduced for the components of the magnetic field, in addition to the Poisson equation for electric potential. The Lorentz force is included in the momentum transport equation as a source term. Fusion applications usually involve very strong magnetic fields, with values of the Hartmann number of up to tens of thousands. In this situation a system of MHD equations become very rigid with very large source terms and very strong variable gradients. To increase system robustness, special measures were introduced during the iterative convergence process, such as linearization using source coefficient for momentum equations. The MHD implementation in general purpose CFD code was tested against benchmarks, specifically selected for liquid-metal blanket applications. Results of numerical simulations using present implementation closely match analytical solutions for a Hartmann number of up to 1500 for a 2-D laminar flow in the duct of square cross section, with conducting and nonconducting walls. Results for a 3-D test case are also included.
I. INTRODUCTION
A NSYS CFX is a general purpose computational fluid dynamics (CFD) code that allows solving hydrodynamics and heat transfer problems. It is used at PPPL for thermal analysis of complex systems involving fluid flow and heat transfer in liquids and solids [1] . The code was adapted for magnetohydrodynamics (MHD) problems using a magnetic induction approach. This paper presents in detail the modification of the code and validation results.
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II. MODIFICATION OF THE CODE
To include the components of magnetic flux density three additional equations are added to the equations of momentum and energy
where
Electric potential is introduced via Poisson equation
The Lorentz force is added to momentum transport equations as an additional source
The potential component is extracted from the magnetic field intensity to project magnetic field onto solenoidal space as suggested in [3] B = B * + ∇ψ.
The Poisson equation for scalar potential is added to ensure the solenoidal nature of the magnetic field
Equation (1) is then reorganized using (4)
The Lorentz force formulation (3) is also modified
Formulation (7) includes magnetic pressure which can be used as a scale for magnetic field effect on the flow
Linearization source coefficients can be introduced directly into ANSYS CFX to stabilize convergence when source terms are nonlinear. They represent derivative of the source term.
U.S. Government work not protected by U.S. copyright. In current set-up the source coefficient for the momentum equation was necessary to achieve convergence for high Hartman number cases. Source coefficient was introduced based on scaling considerations
III. VALIDATION OF THE CODE Significant effort is currently under way to benchmark various CFD codes on test cases relevant to fusion MHD applications [2] . Such cases involve high external magnetic fields leading to high values of the Hartman number Validation of the modified CFD code was performed against the following test cases presented in [2] .
A. 2-D Flow in Square Nonconducting Duct
Test case A1 in [2] is a fully developed flow of conducting fluid subject to a uniform transverse magnetic field. All channel walls are nonconducting. An analytical solution is available for this case [4] . The problem setup is presented in Fig. 1 .
Incompressible fully developed flow is considered
The following wall boundary conditions are imposed: The flow is characterized by nondimensional flow rate and magnetic field
Very thin boundary layers are created on the channel walls, requiring grid compression toward the wall for proper resolution. Table I shows the comparison of numerical results with analytical solution. Results show that for higher Ha numbers the ratio of the maximum to minimum cell edge size needs to be increased to improve accuracy. Fig. 2 presents axial velocity and axial magnetic field profiles on the symmetry lines of the channel cross section. In the middle of the channel the velocity profile is a flat axial magnetic field that changes linearly along the external magnetic field direction. The following approximations can be used in this region:
Near the walls, the Hartman layers scaled as 1/Ha can be observed near the walls perpendicular to the external magnetic field [ Fig. 2(a) and (d) ], whereas the Shercliff layers scaled as 1/Ha 0.5 can be observed near the walls parallel to external magnetic field [ Fig. 2(b) ].
B. 2-D Flow in Square Duct With Conducting Walls
The fully developed flow of conducting fluid subject to a uniform transverse magnetic field, with conducting walls perpendicular to magnetic field, is described in case A2 in [2] . Walls parallel to the magnetic field are nonconducting. An analytical solution is available for this case [5] . Fig. 3 presents the problem set-up.
An incompressible fullydeveloped flow is considered using conditions (11, 12). Boundary conditions are the same as in case A1 (13-16) except for on the conducting walls, where conditions proposed by Shercliff [6] are used for part of the magnetic field parallel to the wall
where c w = t w σ w aσ relative conductance of the wall; t w wall thickness; σ w wall electric conductivity. Table II shows a comparison of numerical results with the analytical solution. Results show that for higher Ha numbers the cell edge length ratio needs to be increased to improve accuracy. Fig. 4 presents axial velocity profiles and axial magnetic field profiles on the symmetry lines of the channel cross section. Velocity profile is concentrated near the walls parallel to the magnetic field, forming near-wall jets. Very close to the walls a boundary layer is formed with a length scale of 1/Ha 0.5 and a velocity scale of 1/Ha [ Fig. 4(b) ]. In the middle of the channel the velocity profile is flat, whereas the axial magnetic field profile is linear along the external magnetic field direction [ Fig. 4(a) and (c) ]
Ha 2 ρν 2B z Ha ∼ = −x. Near the wall perpendicular to the external magnetic field the boundary layer thickness is proportional to the inverse of the Hartman number [ Fig. 4(a) ].
C. 3-D Flow in Square Duct With Conducting Walls
Test case B2 in [2] represents the steady flow of incompressible conducting fluid subject to a nonuniform transverse magnetic field. All channel walls are conducting. Experimental data and numerical analysis are available for this case [7] . Fig. 5 presents the problem set-up and external magnetic field distribution.
Incompressible fully developed flow is considered at the inlet. To insure that the model can be used in practical cases, conducting walls were modeled directly as solid domains with the fluid solid interface connecting them to the fluid region. External magnetic field distribution is imposed on 
The magnetic field boundary condition on the external wall must ensure no current leaking to the outside
Note that condition (20) is required only for B * since potential portion of the magnetic field satisfies it automatically. The flow under consideration has a magnetic Reynolds number on the order of unity, and thus the MHD-induced magnetic field will be comparable to the external field. Wall boundary conditions should, therefore, include effects of the induced magnetic field on the exterior of the duct. Reference [8] provides an overview of the methods that can be employed to represent such conditions. Most of these methods are numerically expensive and can be practically employed only for simplest flow geometries. In present analysis a simplified approach is used based on conditions (19) and (20). The following boundary conditions satisfy (19) in the case of a variable external magnetic field imposed on the side walls parallel to the external magnetic field:
To ensure that condition (20) is satisfied the following boundary condition is imposed on the side walls parallel to the external magnetic field:
To keep the magnetic field solenoidal the following boundary condition is imposed on the same side:
To ensure that condition (20) is satisfied the following boundary condition is imposed on the side walls perpendicular to the external magnetic field:
The following condition was imposed to satisfy (19) on the boundary perpendicular to the magnetic field:
An external magnetic field was introduced using an approximation of the experimental data In (27), z is an axial distance in meters. Formula (27) allows differentiation up to fourth order so conditions (21)-(25) were imposed using analytical expressions. Parameters of the MHD fluid were chosen to match experimental conditions: Ha = 290, N = Ha 2 /Re = 540. Two types of walls were considered as follows:
Although actual values of t w , or σ solid are not reported in [7] , the reference to stainless steel in some other publications of the same authors leads to conclusion that wall type 2 is closer to experimental conditions. A rectangular mesh of 100 × 100 × 480 elements was used for fluid domain. Mesh compression toward the wall has a ratio of 10 000. The solid domain was resolved with 6 cells across the thickness.
Results presented on Fig. 5 show good agreement with the experiment. Thinner wall results are closer to the experimental data maximum value. Both experimental results and current analysis predict nonzero value of P at the entrance region. Fig. 6 shows voltage drop along the side wall of the square duct. In the static magnetic induction formulation the electric field is determined by the magnetic field distribution. Thus the agreement of the predicted voltage drop with experimental data confirms magnetic field boundary conditions (21)-(27).
IV. CONCLUSION
Modification of a general purpose CFD code allows accurate prediction of analytical values of flow rate for fully developed square duct laminar flow and experimental results for 3-D laminar flow in a square duct High gradients in near-wall layers require a very dense mesh. A mesh with compression ratio of up to 20 000 was used.
Since source terms have adverse effect on solution stability, time step modification was needed for momentum equations proportional to the source term magnitude.
